Abstract. This paper describes a method for temporal super resolution from a single quasi-periodic image sequence. A so-called reconstructionbased method is applied to construct a one period image sequence with high frame-rate based on phase registration data in sub-frame order among multiple periods of the image sequence. First, the periodic image sequence to be reconstructed is expressed as a manifold in the parametric eigenspace of the phase. Given an input image sequence, phase registration and manifold reconstruction are alternately executed iteratively within an energy minimization framework that considers data fitness and the smoothness of both the manifold and the phase evolution. The energy minimization problem is solved through three-step coarse-to-fine procedures to avoid local minima. The experiments using both simulated and real data confirm the realization of temporal super resolution from a single image sequence.
Introduction
Image super resolution [1] is one of the fundamental image processing techniques for increasing spatial resolution. Methods for super resolution fall mainly into two categories: (1) reconstruction-based methods (RBM) using multiple images registered at sub-pixelorder [2] [3] [4] , and (2) example-based methods using correspondence between low and high resolution image patches from training sets [5] [6] [7] . Furthermore, Glasner et al. [8] proposed a sophisticated framework, combining the two approaches by using the patch recurrence within and across scales of a single image. Most of the existing methods, however, are applicable to static scenes only.
Several methods deal with dynamic scenes in the context of near-real-time super resolution [9] , taking advantage of hot-air optical turbulence [10] and image super resolution in the presence of motion debluring [11][12] . Nevertheless, these methods still focus on spatial super resolution, and fail to address temporal super resolution.
Contrary to the above methods, Shechtman et al. [13] proposed a space-time super resolution by combining information from multiple low-resolution video sequences of the same dynamic scene. This method falls into the so-called RBMs and hence, requires multiple video cameras to obtain multiple image sequences.
Inspired by the effective use of patch recurrence [8] , it is noticeable that temporal recurrence in a single sequence can be used for temporal super resolution. In particular, given a periodic image sequence, multiple periods of subsequences with sub-frame order phase displacement can be used for the temporal super resolution. If a sequence can be segmented into period-based subsequences composed of more than a few frames, a spatio-temporal sequence registration [14] method is applicable. On the contrary, in cases where each subsequence contains only a few frames or a single frame, period segmentation and the spatio-temporal sequence registration may be error prone, since the method discards useful cues of inter-period phase continuity. Moreover, if the period fluctuates due to a non-uniform sampling rate or to target motion fluctuation appearing in human periodic actions (e.g., gait), phase registration becomes much more difficult.
Therefore, we propose a method to reconstruct a one period image sequence at a high frame-rate from a single low frame-rate quasi-periodic image sequence. Instead of segmenting the whole sequence into multiple subsequences, we solve the phase assignment problem for the whole sequence of frames to take advantage of the inter-period phase continuity. Then, a one period image sequence is expressed as a manifold in phase-parametric eigenspace and the manifold is reconstructed based on the registered phase information. These two processes are repeated in an energy minimization framework by taking into consideration the following three aspects: (1) data fitness, (2) smoothness of the manifold, and (3) smoothness of the phase evolution.
Related Work
Temporal interpolation: In addition to spatial interpolation, temporal interpolation has been developed for video editing (e.g., retiming [15] ) and video compression based on motion compensation methods [16] . In particular, morphingapproaches [17] [18] based on optical flow [19] are regarded as some of the most promising methods for temporal interpolation, with these ideas having been extended to view and time interpolation [20] and spatio-temporal interpolation from two sequences, one with high resolution and low frame rate and the other with low resolution and high frame rate [21] . Temporal interpolation does not, however, work well in cases where motion between two frames is relatively large, in other words, where the sampling interval is relatively long in fairly low frame-rate video.
Geometric fitting: Our manifold reconstruction step is similar to the fitting of geometric primitives, such as lines, ellipses, or conics [22] , [23] , in terms of parameter estimation from a series of sampling points. In geometric fitting, global parameters are used for the primitive representation (e.g., 5 parameters for an ellipse) and sampling points are treated independently. On the other hand, piecewise local parameters are used for manifold representation and sampling points are dependent on each other due to the phase evolution smoothness as described in the following sections.
